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COMPUTED STRUCTURES OF POLYLMIDES MODEL COMPOUNDS
H. Tai and D. H. Phillips
National Aeronautics and Space Administration, Langley Research Center
Hampton, Virginia 23665-5225, U.S.A.
Abstract -- Using a semiempirical approach, a computer study has been made of 8 model
compounds of polyimides. The compounds represent subunits from which NASA-Langley Research
Center has successfully synthesized polymers for aerospace high performance material
application, including one of the most promising, LaRC-TPI polymer. Three dimensional graphic
display as well as important molecular structure data pertaining to these eight compounds are
obtained.
I. Introduction
The utilization of computational chemistry as a routine procedure in chemical research is
rapidly coming of age. The greatest economic and scientific benefits of these techniques come
from allowing chemists to build three-dimensional models of chemical structures whose activity
andpropertiescanbepredictedbeforetheyaresynthesizedand tested. Molecular computer
graphics are used to simulate and visualize what various prototype compounds look like in terms
of their molecular structure, shape, and topology. It is well known that the chemical and
physical properties of molecules are dependent upon their equilibrium and transition electronic
structures, and much of quantum chemical research is concerned with the accurate prediction of
molecular structure and properties: Properties such as electronic densities, electron
affinities, electrostatic potentials, chemical reactivity, dipole and quadrupole moments can all
be calculated using quantum chemical computational techniques. Other physical properties, such
as ionization potentials, heats of formation and activation energies, harmonic force constants,
and vibrational frequencies can also be estimated. Currently, there are three types of
calculations that are being applied. (1) LCAO-SCF approaches to ab initio Hartree Fock
calculations historically break down into two steps: the calculation and storage of all 2-
electron integrals over the operators in the Hamiltonian; and the iterating over the Fock matrix
in order to achieve a self-consistent energy' . On the order of N 4 molecular integrals (where N
is the number of basis functions) must be evaluated to determine the energy' . This method is
capable of giving accurate results; however, as the system becomes larger, it utilizes extensive
computing resources. (2) Semi-Empirical methods have evolved that describe the backbone
framework of the structure on the basis of classical mechanics and add a semiempirical




literature . In this report, the intermediate semiempirical approach has been adopted for the
investigation of eight compounds. Langley researchers recently have successfully synthesized
some promising polymers incorporating these groups, including LaRC-TPI.
il. Methods and Procedures
In this calculation, we opt to use two existing software packages which are available to
us at this time. The first package, XIRIS molecular modeling system, version 1.0, a commercial
package ' allows us to set up and create the molecule by inputting the relevant information,
such as different atomic species and bond types (single bond, or double bond, or ring structure
[
etc.) Then, the XIRIS takes this two dimensional graphic input information and calculates a low
energy conformation of the molecule using a classical molecular mechanics approach. Essentially,
this package adopts the view that a molecule is a collection of particles held together by
simple harmonic or elastic forces. These forces can be defined by a potential energy function
whose terms depend on the atomic coordinates. This function can then be minimized to obtain a
least strain, three dimensional model of the molecule. To implement a molecular modeling system,
a potential energy function to calculate a strain for the molecule and an algorithm to minimize
the strain are required. The algorithm used in this system is a descendent of the one developed






180.0 degrees are used for sp3, sp2, and sp type atoms, respectively.
3. A non-bonded repulsion term or Van der Waal's term calculated using a modified Hooke's
law.
4. A torsional term based upon Hooke's law.
5. A stereoisomer term which increases the strain of any chiral center.
Once a molecule has been modeled, the XIRIS system has several commands that allow us to
determine various parameters as well as information about the geometry of the structure. It also
can orient the structure into a good position for viewing and for drawing options.
One important final output from XIRIS consists of a set of atomic coordinates corresponding to
the lowest energy conformation along with other information pertaining to this particular
molecule. This information can then be input to the second of our modeling programs (Quantum
mechanical extension of the consistent force field to PI electron systems, by A. Warshel and M.
Levitt), which is based on the CHARMM program (which stands for Chemistry at HARvard
!
Macromolecular Mechanics) . The program uses empirical energy functions to model the a
4
electronsof macromolecularsystemscombinedwitha semiempiricalHartreeFockmodelfor ther_
electronsandcalculatesequilibriumconformationsandthevibrationalfrequenciesof normal
modesof thegroundstates of large conjugated molecules, The energy and oscillator strengths of
electron transitions are also calculated. The equilibrium geometries are calculated by
minimization of the molecular energy with respect to the complete set of 3N Cartesian
coordinates. The vibrational normal modes are calculated by diagonalization of the matrix of
second derivatives of the potential with respect to the mass-scaled Cartesian coordinates at the
|
calculated minimum . The empirical energy function which is based on separable internal
coordinates and pairwise nonbonded interactions contains similar but more elaborate terms than
XIRIS. Therefore, CHARMM should be capable of predicting more reliable results than a purely
empirical model such as XIRIS, Nevertheless, the results from the two programs should be
similar, and this is in fact what we have obtained. These two modeling programs have been
I
applied to eight model compounds for polymers recently developed at Langley research center.











For brevity, the compounds are renamed ltpl .... to ltp8 and each output is listed
separately. As mentioned earlier, the results predicted by the two programs are similar, so we
choose to present the structure results generated by CHARMM, while the graphic results are
created by the XIRIS program (simply, the CHARMM program does not have the graphic capability).
With the atoms labelled, one can easily identify each atom and the relevant structure data
associated with specific atom or bonds. For each molecule, the graphic presentations are given
first, e.g. Fig. na and Fig. nb. n being from 1 to 8. Fig, na labels the atoms, while Fig. nb
uses a space filled mode which shows dihedral angles and other aspects of the geometry more
clearly. After the graphic output, we list the structure results predicted by CHARMM. The main
products are the equilibrium structure constants, such as bond lengths and bond angles. With the
graphic display, we can easily identify those constants that would be considered the major
contribution for this exercise. In addition, the coordinates of each atom and the I.R. spectrum
of the molecule are listed. Finally, a plot of the I.R. radiation intensity (in arbitrary units)
versus wave number is given and denoted Fig. nc.
IV. Discussion
We have successfully applied two pieces of software to 8 LaRC-TPI compounds to obtain some
molecular structure constants - thereby gaining some understanding of those molecules. Initial
results, although not totally satisfactory, are quite encouraging. For example, we have compared
the I.R. spectrum of ltpl to the experimental result. Our calculation is able to predict the
major peaks, but misses one or two. The implication of this is not clear at this time. Whether
we can fine tune the force constants so that the I.R. spectrum is totally in agreement with the
experimental work without invalidating the structure constants is not clear. We will probably
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5 6 16 17
5 6 16 21
16 6 5 15
16 6 5 9
6 16 21 20
6 16 21 15
17 16 21 20
17 16 21 15
16 21 20 19
16 21 20 1
15 21 20 19
15 21 20 1
16 21 15 18
16 21 15 5
20 21 15 18









































































































21 20 19 22
21 20 19 0
1 20 19 22
1 20 19 0
21 20 1 3
21 20 1 2
19 20 1 3
19 20 1 2
20 19 0 25
20 19 0 4
22 19 0 25
22 19 0 4
19 0 4 24
19 0 4 3
25 0 4 24
25 0 4 3
0 4 3 23
0 4 3 1
24 4 3 23
24 4 3 1
20 1 3 4
20 1 3 23
4 3 1 2
23 3 1 2
6 5 15 21
6 5 15 18
21 15 5 9
18 15 5 9
6 5 9 14
6 5 9 8
15 5 9 14
15 5 9 8
5 9 8 13
5 9 8 7
14 9 8 13
14 9 8 7
9 8 7 12
9 8 7 10
13 8 7 12
13 8 7 10
8 7 10 11
12 7 10 11
6 17 16 21
6 15 5 9
16 20 21 15
21 19 20 1
21 18 15 5
20 22 19 0
20 3 1 2
19 25 0 4





4 23 3 1
5 14 9 8
9 13 8 7
8 12 7 10
TOTAL ENERGY =






















































































































































































VIBRATIONAL ENTHALPY AT ROOM TEMPERATURE =
ZERO POINT ENERGY = 116.75





























































































































































































































































































































































































































33 30 0 35
33 30 0 4
31 30 0 35
31 30 0 4
33 30 31 1
33 30 31 32
0 30 31 1
0 30 31 32
30 0 35 36
30 0 35 5
4 0 35 36
4 0 35 5
30 0 4 37
30 0 4 3
35 0 4 37
35 0 4 3
O 35 5 6
0 35 5 13
36 35 5 6
36 35 5 13
35 5 6 7
35 5 6 8
13 5 6 7
13 5 6 8
35 5 13 11
35 5 13 14
6 5 13 11
6 5 13 14








































































































5 6 8 10
7 6 8 9
7 6 8 10
6 8 10 25
6 8 10 11
9 8 10 25
9 8 10 11
8 10 11 12
8 10 11 13
25 10 11 12
25 10 11 13
5 13 11 10
5 13 11 12
i0 11 13 14
12 11 13 14
0 4 3 34
0 4 3 1
37 4 3 34
37 4 3 1
4 3 1 2
4 3 1 31
34 3 1 2
34 3 1 31
30 31 1 3
30 31 1 2
3 1 31 32
2 1 31 32
30 31 32 26
30 31 32 27
1 31 32 26
1 31 32 27
31 32 26 29
31 32 26 15
27 32 26 29
27 32 26 15
31 32 27 16
31 32 27 28
26 32 27 16
26 32 27 28
32 26 15 19
32 26 15 16
29 26 15 19
29 26 15 16
26 15 19 24
26 15 19 18
16 15 19 24
16 15 19 18
26 15 16 20
26 15 16 27
19 15 16 20





















































































15 19 18 23
15 19 18 17
24 19 18 23
24 19 18 17
19 18 17 22
19 18 17 20
23 18 17 22
23 18 17 20
18 17 20 21
18 17 20 16
22 17 20 21
22 17 20 16
15 16 20 17
15 16 20 21
17 20 16 27
21 20 16 27
32 27 16 15
32 27 16 20
15 16 27 28
20 16 27 28
33 0 30 31
30 35 0 4
30 1 31 32
0 36 35 5
0 37 4 3
35 6 5 13
5 7 6 8
5 11 13 14
6 9 8 10
8 25 10 11
10 12 11 13
4 34 3 1
3 2 1 31
31 26 32 27
32 29 26 15
32 16 27 28
26 19 15 16
15 24 19 18
15 20 16 27
19 23 18 17
18 22 1720
17 21 20 16
TOTAL ENERGY












































-6. 9304 0.1794 0. 2035
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6 5 3 4
6 5 3 2
10 5 3 4
10 5 3 2
3 5 6 0
3 5 6 7
10 5 6 0
10 5 6 7
3 5 10 9
3 5 10 11
6 5 10 9
6 5 10 11
5 3 2 34
5 3 2 33
4 3 2 34
4 3 2 33
3 2 33 36
3 2 33 0
34 2 33 36
34 2 33 0
2 33 36 37
2 33 36 23
0 33 36 37
0 33 36 23
2 33 0 1
2 33 0 6
36 33 0 1







































































































33 36 23 22
33 36 23 27
139 56 23 22
37 36 23 27
36 23 22 35
36 23 22 26
27 23 22 35
27 23 22 26
36 23 27 24
36 23 27 28
22 23 27 24
22 23 27 28
23 22 26 31
23 22 26 25
35 22 26 31
35 22 26 25
22 26 25 30
22 26 25 24
31 26 25 30
31 26 25 24
26 25 24 29
26 25 24 27
30 25 24 29
30 25 24 27
23 27 24 25
23 27 24 29
25 24 27 28
29 24 27 28
5 6 0 33
5 6 0 1
33 0 6 7
1 0 6 7
5 6 7 8
5 6 7 9
0 6 7 8
0 6 7 9
6 7 9 12
6 7 9 10
8 7 9 12
8 7 9 10
7 9 12 13
7 9 12 20
10 9 12 13
10 9 12 20
5 10 9 7
5 10 9 12
7 9 10 11
12 9 10 11
9 12 13 14
9 12 13 15













































20 12 13 15
9 12 20 18
9 12 20 21
13 12 20 18
13 12 20 21
12 13 15 16
12 13 15 17
14 13 15 16
14 13 15 17
13 15 17 32
13 15 17 18
16 15 17 32
16 15 17 18
15 17 18 19
15 17 18 20
32 17 18 19
32 17 18 20
12 20 18 17
12 20 18 19
17 18 20 21
19 18 20 21
3 6 5 10
5 4 3 2
5 0 6 7
5 9 10 11
3 34 2 33
2 36 33 0
33 37 36 23
33 1 0 6
36 22 23 27
23 35 22 26
23 24 27 28
22 31 26 25
26 30 25 24
25 29 24 27
6 8 7 9
7 12 9 10
9 13 12 20
12 14 13 15
12 18 20 21
13 16 15 17
15 32 17 18























































































































































































































































































VIBRATIONAL ENTHALPY AT ROOM TEMPERATURE =
ZERO POINT ENERGY = 177.38
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34 31 0 1
34 31 0 5
32 31 0 1
32 31 0 5
34 31 32 2
34 31 32 33
0 31 32 2
0 31 32 33
31 0 5 35
31 0 5 4
1 0 5 35
1 0 5 4
0 5 35 6
4 5 35 6
0 5 4 36
0 5 4 2
35 5 4 36
35 5 4 2
5 35 6 7
5 35 6 14
35 6 7 8
35 6 7 9
14 6 7 8
14 6 7 9
35 6 14 12
35 6 14 15
7 6 14 12
7 6 14 15
6 7 9 10
6 7 9 11








































































































8 7 9 11
7 9 11 26
7 9 11 12
10 9 11 26
10 9 11 12
9 11 12 13
9 11 12 14
26 11 12 13
26 11 12 14
6 14 12 11
6 14 12 13
11 12 14 15
13 12 14 15
5 4 2 3
5 4 2 32
36 4 2 3
36 4 2 32
31 32 2 4
31 32 2 3
4 2 32 33
3 2 32 33
31 32 33 27
31 32 33 28
2 32 33 27
2 32 33 28
32 33 27 30
32 33 27 16
28 33 27 30
28 33 27 16
32 33 28 17
32 33 28 29
27 33 28 17
27 33 28 29
33 27 16 20
33 27 16 17
30 27 16 20
30 27 16 17
27 16 20 25
27 16 20 19
17 16 20 25
17 16 20 19
27 16 17 21
27 16 17 28
20 16 17 21
20 16 17 28
16 20 19 24
16 20 19 18
25 20 19 24
25 20 19 18
20 19 18 23








































































24 19 18 23
24 19 18 21
19 18 21 22
19 18 21 17
23 18 21 22
23 18 21 17
16 17 21 18
16 17 21 22
18 21 17 28
22 21 17 28
33 28 17 16
33 28 17 21
16 17 28 29
21 17 28 29
34 0 31 32
31 1 0 5
31 2 32 33
0 35 5 4
5 36 4 2
35 7 6 14
6 8 7 9
6 12 14 15
7 10 9 11
9 26 11 12
11 13 12 14
4 3 2 32
32 27 33 28
33 30 27 16
33 17 28 29
27 20 16 17
16 25 20 19
16 21 17 28
20 24 19 18
19 23 18 21



































































































































































































































VIBRATIONAL ENTHALPY AT ROOM TEMPERATURE =
ZERO POINT ENERGY = 173.03






























































































































































































































































































































































































































5 6 7 8
5 6 7 9
0 6 7 8
0 6 7 9
7 6 5 10
7 6 5 3
0 6 5 10
0 6 5 3
7 6 0 36
7 6 0 1
5 6 0 36
5 6 0 1
6 7 9 12
6 7 9 10
8 7 9 12
8 7 9 10
7 9 12 13
7 9 12 20
10 9 12 13
10 9 12 20
7 9 10 11
7 9 10 5
12 9 10 11
12 9 10 5
9 12 13 14
9 12 13 15
20 12 13 14
20 12 13 15
9 12 20 18
9 12 20 21
13 12 20 18















































































































































































































































35 22 26 25
22 26 25 30
22 26 25_24
31 26 25 30
31 26 25 24
26 25 24 29
26 25 24 27
30 25 24 29
30 25 24 27
23 27 24 25
23 27 24 29
25 24 27 28
29 24 27 28
7 5 6 0
6 8 7 9
6 10 5 3
6 36 0 1
7 12 9 10
9 13 12 20
9 11 10 5
12 14 13 15
12 18 20 21
13 16 15 17
15 32 17 18
17 19 18 20
5 4 3 2
3 34 2 33
36 22 23 27
23 35 22 26
23 24 27 28
22 31 26 25
26 30 25 24
25 29 24 27
TOTAL ENERGY = -3757.5158691406 KCAL



































































































































































































































VIBRATIONAL ENTHALPY AT ROOM TEMPERATURE =
ZERO POINT ENERGY = 171.55
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9 10 11 12
9 10 11 13
4 10 11 12
4 10 11 13
11 10 9 14
11 10 9 7
4 10 9 14
4 10 9 7
11 10 4 39
11 10 4 5
9 10 4 39
9 10 4 5
10 11 13 16
10 11 13 14
12 11 13 16
12 11 13 14
11 13 16 17
11 13 16 24







































































































14 13 16 24
11 13 14 15
11 13 14 9
16 13 14 15
16 13 14 9
13 16 17 18
13 16 17 19
24 16 17 18
24 16 17 19
13 16 24 22
13 16 24 25
17 16 24 22
17 16 24 25
16 17 19 20
16 17 19 21
18 17 19 20
18 17 19 21
17 19 21 37
17 19 21 22
20 19 21 37
20 19 21 22
19 21 22 23
19 21 22 24
37 21 22 23
37 21 22 24
16 24 22 21
16 24 22 23
21 22 24 25
23 22 24 25
10 9 14 13
10 9 14 15
13 14 9 7
15 14 9 7
10 9 7 8
10 9 7 6
14 9 7 8
14 9 7 6
9 7 6 2
9 7 6 39
8 7 6 2
8 7 6 39
7 6 2 3
7 6 2 0
39 6 2 3
39 6 2 0
7 6 39 38
7 6 39 4
2 6 39 38
2 6 39 4
6 2 0 26





























































































































































































































17 20 19 21
19 37 21 22
21 23 22 24
9 8 7 6
7 2 6 39
6 3 2 0
6 38 39 4
2 26 0 38
0 30 26 27
0 1 38 39
26 35 30 29
26 31 27 36
30 34 29 28
29 33 28 31
28 32 31 27
TOTAL ENERGY =






































































































































































































































































































































































































" _. -'" - " p's
¢_ 0,1." '*.%



















































































































































































































































































































































































































































































































































































































51 13 14 15
51 13 14 17
9 13 14 15
9 13 14 17
51 13 9 10
51 13 9 7
14 13 9 10
14 13 9 7
13 14 15 16
13 14 15 22
17 14 15 16
17 14 15 22
13 14 17 19
13 14 17 18
15 14 17 19
15 14 17 18
14 15 22 23
14 15 22 21
16 15 22 23
16 15 22 21
15 22 23 24
15 22 23 25
21 22 23 24
21 22 23 25
15 22 21 26
15 22 21 19
23 22 21 26
23 22 21 19
22 23 25 28
22 23 25 26
24 23 25 28
24 23 25 26
23 25 28 29
23 25 28 36
26 25 28 29






















































































































































































































































































































































































































38 I0 11 4
lO 11 4 5
10 11 4 3
12 11 4 5
12 11 4 3
11 4 5 6
11 4 5 0
3 4 5 6
3 4 5 0
11 4 3 1
11 4 3 7
5 4 3 1
5 4 3 7
4 5 0 39
4 5 0 1
6 5 0 39
6 5 0 1
5 0 39 43
5 0 39 40
1 0 39 43
1 0 39 40
5 0 1 2
5 0 1 3
39 0 1 2
39 0 1 3
0 39 43 48
0 39 43 42
40 39 43 48
40 39 43 42
0 39 40 44
0 39 40 49
43 39 40 44
43 39 40 49
39 43 42 47
39 43 42 41
48 43 42 47
48 43 42 41
43 42 41 46
43 42 41 44
47 42 41 46
47 42 41 44
42 41 44 45
42 41 44 40
46 41 44 45
46 41 44 40
39 40 44 41
39 40 44 45
41 44 40 49
45 44 40 49
4 3 1 0







































0 1 3 7
2 1 3 7
9 7 3 4
9 7 3 1
4 3 7 8
1 3 7 8
51 14 13 9
13 15 14 17
13 10 9 7
14 16 15 22
14 19 17 18
15 23 22 21
22 24 23 25
22 26 21 19
23 28 25 26
25 29 28 36
25 27 26 21
28 30 29 31
28 34 36 37
29 32 31 33
31 5 33 34
33 35 34 36
21 20 19 17
9 38 10 11
9 3 7 8
10 12 11 4
11 5 4 3
4 6 5 0
4 1 3 7
5 39 0 1
0 43 39 40
0 2 1 3
39 48 43 42
39 44 40 49
43 47 42 41
42 46 41 44
41 45 44 40
TOTAL ENERGY = -5737.8618164063 KCAL
























































































































































































































































































































































































































































































VIBRATIONAL ENTHALPY AT ROOM TEMPERATURE =
ZERO POINT ENERGY = 236.17
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9 13 14 15
9 13 14 17
14 13 9 10
14 13 9 7
13 14 15 16
13 14 15 22
17 14 15 16
17 14 15 22
13 14 17 19
13 14 17 18
15 14 17 19
15 14 17 18
14 15 22 23
14 15 22 21
16 15 22 23
16 15 22 21
15 22 23 24
15 22 23 25
21 22 23 24
21 22 23 25
15 22 21 26
15 22 21 19
23 22 21 26
23 22 21 19
22 23 25 28
22 23 25 26
24 23 25 28
24 23 25 26
23 25 28 29
23 25 28 36
26 25 28 29
26 25 28 36
23 25 26 27
23 25 26 21
28 25 26 27
28 25 26 21
25 28 29 30
25 28 29 31








































































































36 28 29 31
25 28 36 34
25 28 36 37
29 28 36 34
29 28 36 37
28 29 31 32
28 29 31 33
30 29 31 32
30 29 31 33
29 31 33 50
29 31 33 34
32 31 33 50
32 31 33 34
31 33 34 35
31 33 34 36
50 33 34 35
50 33 34 36
28 36 34 33
28 36 34 35
33 34 36 37
35 34 36 37
22 21 26 25
22 21 26 27
25 26 21 19
27 26 21 19
22 21 19 20
22 21 19 17
26 21 19 20
26 21 19 17
14 17 19 21
14 17 19 20
21 19 17 18
20 19 17 18
13 9 10 38
13 9 10 11
7 9 10 38
7 9 10 11
13 9 7 3
13 9 7 8
10 9 7 3
10 9 7 8
9 I0 11 12
9 10 11 4
38 10 11 12
38 10 11 4
10 11 4 5
10 11 4 3
12 11 4 5
12 11 4 3
11 4 5 6








































































































3 4 5 6
3 4 5 0
11 4 3 1
11 4 3 7
5 4 3 1
5 4 3 7
4 5 0 39
4 5 0 1
6 5 0 39
6 5 0 1
5 0 39 43
5 0 39 40
1 0 39 43
1 0 39 40
5 0 1 2
5 0 1 3
39 0 1 2
39 0 1 3
0 39 43 48
0 39 43 42
40 39 43 48
40 39 43 42
0 39 40 44
0 39 40 49
43 39 40 44
43 39 40 49
39 43 42 47
39 43 42 41
48 43 42 47
48 43 42 41
43 42 41 46
43 42 41 44
47 42 41 46
47 42 41 44
42 41 44 45
42 41 44 40
46 41 44 45
46 41 44 40
39 40 44 41
39 40 44 45
41 44 40 49
45 44 40 49
4 3 1 0
4 3 1 2
0 1 3 7
2 1 3 7
9 7 3 4
9 7 3 1
4 3 7 8
1 3 7 8































13 10 9 7
14 16 15 22
14 19 17 18
15 23 22 21
22 24 23 25
22 26 21 19
23 28 25 26
25 29 28 36
25 27 26 21
28 30 29 31
28 34 36 37
29 32 31 33
31 50 33 34
33 35 34 36
21 20 19 17
9 38 10 11
9 3 7 8
10 12 11 4
11 5 4 3
4 6 5 0
4 1 3 7
5 39 0 1
0 43 39 40
0 2 1 3
39 48 43 42
39 44 40 49
43 47 42 41
42 46 41 44
41 45 44 40
TOTAL ENERGY -













































































































































































































































































































































VIBRATIONAL ENTHALPY AT ROOM TEMPERATURE
ZERO POINT ENERGY w 231.36
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